Background: Although males more frequently develop Internet gaming disorder (IGD) as compared with females, few studies have examined gender-related neurocognitive differences in IGD. Task and design: fMRI and subjective data were collected from 119 subjects (IGD, male 29, female 25; recreational game use (RGU), male 34, female 31) when they were actively playing games and during a forced mandatory break. Analyses investigating effects of group (IGD, RGU) and gender (male, female) on the functional connectivity (FC) of executive control and reward systems linked to the dorsolateral prefrontal cortex (DLPFC) and striatum, respectively, were performed. Correlations between FC and subjective craving measures were also calculated. Results: Gaming-group-by-gender interactions were observed. During gaming in males but not in females, the FC between the DLPFC and superior frontal gyrus was relatively decreased, and that between the striatum and thalamus was relatively increased. During the mandatory break, changes in the FC between DLPFC and superior frontal gyrus and the FC between the striatum and thalamus varied by gender with greater RGU-IGD differences observed in females. Significant correlations between FC and self-reported craving were observed. Conclusions: During both gaming and a forced mandatory break, brain regions implicated in executive control and reward processing showed changes in FC that varied by gender. Brain regions implicated in executive control showed differential FC in males during gaming, and FC during the forced mandatory break appeared relevant to both genders, and perhaps particularly for females. The findings suggest possible neural mechanisms for why males appear more likely to develop IGD, and why it may be particularly difficult for individuals with IGD to cease gaming.
Introduction
Internet gaming disorder (IGD) is a non-substance addiction characterized by the use of online games in a manner that leads to significant impairment or distress (American Psychiatric Association, 2013) . IGD is associated with negative measures including psychiatric disorders, social deficits, and poor academic performance (Meng et al., 2014; Petry et al., 2014) . The DSM-5 committee decided to include the IGD in the section III in 2013 as a potential disorder that needs further evidence (American Psychiatric Association, 2013) . Nine diagnostic criteria for IGD were proposed (Gentile et al., 2011; Julie et al., 2011; Király et al., 2014) , with the specification promoting coordinated research efforts.
Online gaming may be enjoyable and has become a popular leisure activity. Although many people play online games, only a small proportion develops IGD (Kuss and Griffiths, 2012a; Montag and Reuter, 2015) . In a cross-cultural survey, > 2 of 3 gamers did not report any IGD criteria, with only a small proportion of people qualifying for a diagnosis of IGD (0.3%-1.0%) (Przybylski et al., 2017) , consistent with prior reports (Griffiths, 2010; King et al., 2011; Kuss and Griffiths, 2012a; Viriyavejakul, 2008b) .
Gender-related differences exist with respect to gaming and IGD.
Most individuals with IGD and those who play video-games are male (Desai et al., 2010; Dong et al., 2013a; Wang et al., 2016) . Higher rates of IGD in males do not appear fully accounted for by differences in rates of gaming. For example, gender-related differences in prevalence of IGD have been reported among gamers in multiple jurisdictions including China (where 6.3% boys who game have IGD as compared to 2.4% of girls (Li et al., 2015) ), Korea (where 3.6% of boys who game have IGD versus and 1.9% of girls (Ha and Hwang, 2014) ), and elsewhere (Borgonovi, 2016; Ko et al., 2014) . Differences in IGD prevalence do not appear linked to differences in gaming skill as female and male gamers have demonstrated comparable gaming skills (Shen et al., 2016) . As online gaming is prevalent, understanding gender-related differences in clinically relevant and neural factors relating to online gaming and IGD has important public health implications. Although gender-related differences in IGD and gaming are striking, few studies have focused on possible underlying neurocognitive mechanisms. One reason might involve difficulties in recruiting female IGD subjects, which has led to some studies including only males, and this process has generated a relative deficiency in the understanding of females with IGD (Dong and Potenza, 2016; Weinstein et al., 2017) . As multiple studies have shown gender-related differences in cognitive functions and brain anatomy between males and females (Cosgrove et al., 2014b; Hu et al., 2003; Kober et al., 2016) , direct investigation of female gamers and those with IGD are needed as results may not generalize from males to females (Cosgrove et al., 2014b; Desai et al., 2010) . Including both non-IGD and IGD video-game players in such studies is important. Most prior IGD studies have selected low-frequency gaming or non-gaming participants as comparison participants, and this method has limitations as it fails to control for gaming experience and amount of time gaming between the IGD and comparison groups. Thus, it is important to include a recreational game use (RGU) group, with RGU defined as playing online games recreationally and not having IGD (Dong et al., 2017a; Dong et al., 2017b; Kuss and Griffiths, 2012b; Viriyavejakul, 2008a) . The inclusion of an RGU comparison could overcome prior limitations and identify core elements of IGD rather than regular gaming (Dong et al., 2017a) .
Gender-related differences in individuals with RGU may provide insight into those in IGD, as is the case for other behavioral addictions. In recreational gamblers, gambling-related motivations as evidenced in types of gambling preferred (Potenza et al., 2006) appear reflected in a gender-specific fashion to problematic forms of gambling in individuals with gambling problems (Potenza et al., 2001) . Women also often progress more rapidly from behavioral initiation to addiction, a telescoping phenomenon (Becker et al., 2017; Bobzean et al., 2014; MoranSanta Maria et al., 2014) , including with respect to use of alcohol (Bobzean et al., 2014) and illicit drugs (Moran-Santa Maria et al., 2014) , and when gambling (González-Ortega et al., 2015) , although not consistently across studies (Slutske et al., 2015; Zakiniaeiz et al., 2016 Zakiniaeiz et al., , 2017 . Thus, it is clinically important to understand gender-related differences in IGD and RGU at multiple levels.
Craving represents a clinically relevant phenomenon as it often immediately precedes engagement in addictive behaviors. Genderrelated differences have been observed in neural responses to craving in both substance and behavioral addictions. For example, women and men with cocaine dependence as compared to those without have demonstrated gender-related differences in neural activations to drug, stress and relaxing cues in cortico-striatal-limbic activations, with data suggesting differential links between craving and regional activations in women and men (Polak et al., 2015; Potenza et al., 2012) , including within the dorsolateral prefrontal cortex (DLPFC). Gender-related differences in cocaine and gambling cravings/urges have also been reported in cocaine dependence and pathological gambling, with the insula showing greater activation in women as compared with men with pathological gambling in response to gambling cues (Kober et al., 2016) . These findings are particularly intriguing with respect to IGD given that insula response to gaming cues has been found to increase following a craving behavioral intervention, with functional connectivity (FC) changes between the insula and precuneus/lingual gyrus also observed (Zhang et al., 2016a) . Women as compared with men with nicotine dependence show less of a dopamine response in the ventral striatum to tobacco (Cosgrove et al., 2014a) , with preclinical data supporting similar gender-related differences in response to stimulants (Becker, 2016) . Together, these findings suggest that corticostriato-limbic circuitry may differentially contribute to addictions in women and men in a manner that has significant implications for treatment.
In the current study, we recruited IGD and RGU subjects and compared neural and subjective measures during active gaming and during immediate forced abstinence as operationalized by a forced mandatory break. We hypothesized that activity in brain regions implicated in cognitive control (the DLPFC) and reward processing (the ventral striatum) that have been found to be differentially related to craving in addictions in women and men would show different patterns of connectivity in women and men during gaming and immediate abstinence during a forced mandatory break (that is, they would show a gender-bycondition interaction).
Methods

Ethics
This experiment was approved by the Human Investigations Committee of Zhejiang Normal University and conformed to The Code of Ethics of the World Medical Association (Declaration of Helsinki). All participants provided written informed consent before scanning.
Subjects
One-hundred-and-nineteen right-handed university students (IGD, male 29, female 25; recreational game user (RGU), male 34, female 31)) were recruited (Table 1 ). All participants underwent structured psychiatric interviews (MINI) conducted by an experienced psychiatrist (Lecrubier et al., 1997) , and individuals with psychiatric or neurological disorders were excluded. In addition, no subjects reported IAT, Internet addiction test.
previous experience with gambling or illicit drugs (e.g., cannabis, heroin). All subjects played League of Legends (LOL, Riot Games) for > 1 year. Participants were classified as previously described (Dong et al., 2017a) . Participants were classified as having with IGD if they both scored 50 or higher on Young's Internet Addiction Test (IAT) and met at least 5 DSM-5 criteria for IGD (Petry et al., 2014; Young, 2009) . RGU participants needed to score < 50 on the IAT and report fewer than five DSM-5 criteria for IGD. Additionally, RGU participants needed to have been playing online games for at least 1 year, for > 14 h per week and on at least 5 of 7 days in a week at the time of study, without showing any symptoms of physical or psychological dependence. These RGU criteria were selected based on trying to control for patterns of gaming among IGD participants (Dong et al., 2017a) . See Table 1 for details.
Behavioral measurement out of scanner
Prior to the fMRI scan, all participants were instructed to complete a 10-item gaming urge questionnaire (modified from a smoking urge questionnaire (Cox et al., 2001 )), with each item ranging from 1 to 10.
Task and design
In the scanner, subjects were instructed to play LOL for about one round. To promote subjects' familiarity with their gaming experiences, participants were asked to log into the game with their own accounts. Screen-shot software was used to record participants' entire gaming experiences.
Gaming condition
The time when participants encountered the "enemy" was taken as time 0 for defining the gaming condition, with the condition lasting for 4 min. Prior to encountering the enemy, the players were not engaged in battle and were instead accumulating strength and moving to the enemy camp. The gaming condition was selected to represent the climax of the game.
Forced mandatory break condition
In general, one round of LOL takes about half an hour or more to complete. However, at about 20 min after participants started playing, when they were enjoying fighting, the Internet connection was interrupted as part of the experiment and without participants a priori knowledge. The time of onset of Internet disconnection was taken as time 0 for the forced mandatory break condition, and the condition lasted for 4 min.
Data collection
A 7-minute structural scan and about 20 min of gaming-related scanning data were collected. Structural images were collected using a T1-weighted three-dimensional spoiled gradient-recalled sequence covering the whole brain (176 slices, repetition time = 1700 ms, echo time TE = 3.93 ms, slice thickness = 1.0 mm, skip = 0 mm, flip angle = 15, inversion time = 1100 ms, field of view = 240 * 240 mm, in-plane resolution = 256 * 256). Functional MRI was performed on a 3 T scanner (Siemens Trio) with a gradient-echo EPI T2*-weightedsensitive pulse sequence in 33 slices (interleaved sequence, 3 mm thickness, TR = 2000 ms, TE = 30 ms, flip angle 90°, field of view 220 × 220 mm 2 , matrix 64 × 64) (Dong et al., 2013b ).
Data pre-processing and functional connectivity (FC) analysis
Data preprocessing was performed using SPM 8 (http://www.fil. ion.ucl.ac.uk/spm/software/spm8/) and included realignment, co-registration, segmentation, normalization and band filtering (0.01-0.08 Hz). During preprocessing, images were motion-corrected, registered with structural images, and normalized to the standard MNI template. No subjects were removed from analysis because of head motion (exclusion criteria were 2 mm in directional movement or 2°in rotational movement).
The FC analysis was performed using the pipeline CONN toolbox (http://web.mit.edu/swg/CONN.htm). We performed voxel-based analyses which involved computing the temporal correlation between the BOLD signals from a given voxel (or voxels) to all other voxels in the brain. White matter, cerebrospinal fluid (CSF), heart rate and motion artifacts were taken as possible confounders using the implemented CompCor strategy (Behzadi et al., 2007) .
Regions of interest (ROI) selection
Multiple studies have suggested that reward and executive control systems contribute to IGD (Dong et al., 2011a; Dong and Potenza, 2014) . A striatal region of interest (ROI) including the caudate and lentiform nucleus was selected given its role in reward processing (Balodis et al., 2013; and IGD (Dong et al., 2011a) . Executive control enables individuals to inhibit desires and control the extent of participation in reward-seeking behaviors (Bechara, 2005; Everitt et al., 2007; Goldstein and Volkow, 2011; Sofuoglu et al., 2013) . The bilateral dorsolateral prefrontal cortex (DLPFC) was selected as a ROI given its involvement in executive control (Everitt et al., 2007; Goldstein and Volkow, 2011; Sofuoglu et al., 2013) and IGD (Dong et al., 2010 (Dong et al., , 2011b (Dong et al., , 2013c . The DLPFC was defined as Brodmann area 46 in the current study. All ROIs were defined using the WFU PickAtlas toolbox (version 3.05) (https://www.nitrc.org/projects/wfu_ pickatlas/).
ANOVA analysis
A 2 (gender: male, female) * 2 (Group: IGD, RGU) ANOVA analysis was performed to examine the interactions between gender and group in neural connectivity during the gaming and abstinence conditions, separately. We first identified brain areas that were significantly connected with the ROIs and showed significant Group*gender interactions in strengths of connectivity in each condition (corrected at family-wiseerror (FWE) p < 0.001; cluster size > 150 voxels). Then we extracted these values and conducted post-hoc t-tests were on those areas that demonstrated significant interactions to determine the nature of the interactions. The FC maps were generated using the software CONN (http://web.mit.edu/swg/software.htm). We next calculated correlations between extracted FC values and self-reported gaming craving measures.
Results
Gaming condition and DLPFC connectivity
Using the bilateral DLPFC as a seed, a significant gender (male, female) by group (IGD, RGU) interaction was observed in connectivity with the superior frontal gyrus (SFG) (Fig. 1A , B, C; Table 2 ). A significant negative correlation was found between FC scores and self-reported craving (r = −0.196, p = 0.033), with correlations significant at p < 0.05 for men but not women (Fig. 1D, E) . Both among RGU (t = −2.59, p = 0.012) and IGD (t = −4.579, p < 0.001) subjects, men showed less FC between the DLPFC and SFG (Fig. 1F) . Among men (t = −3.662, p < 0.001) but not women (t = 0.542, p = 0.59), individuals with IGD showed less FC between the DLPFC and SFG (Fig. 1G) .
Gaming condition and striatal connectivity
A significant interaction between gender and group in the FC between the striatum and thalamus and insula was identified ( Fig. 2A, B ; Table 2 ). No relationship was observed between FC scores and self-reported craving for the sample (r = 0.1, p = 0.279) or within each gender group (Fig. 2C, D) . Both among RGU (t = 2.986, p = 0.004) and IGD (t = 3.605, p < 0.001) subjects, men showed greater FC between the striatum and thalamus and insula (Fig. 2E) . Among men (t = −2.588, p = 0.012) but not women (t = 0.107, p = 0.915), individuals with IGD showed greater FC between the striatum and thalamus and insula (Fig. 2F) .
Mandatory break condition and DLPFC connectivity
A significant interaction between gender and group involving the FC between the DLPFC and SFG was observed during immediate abstinence in the forced mandatory break (Fig. 3A , B, C; Table 2 ). A significant negative correlation was found between FC scores and selfreported craving (r = −0.190, p = 0.039), with correlations significant at p < 0.05 for men but not women (Fig. 3D, E) . Among RGU subjects, women showed greater FC than men between the DLPFC and SFG (t = 2.986, p = 0.004); among IGD subjects, no gender-related differences were observed (t = −1.521, p = 0.135) (Fig. 3F) . Both among Brain regions showing significant FC interactions between gender and group were observed in the superior frontal gyrus (SFG), shown in slice view (A), glass view (B), and rendered surface (C). The correlations between self-reported craving for gaming and the FC between the DLPFC and SFG,are shown for the entire sample (D) and by gender (E). Post-hoc results relating to the FC between the DLPFC and SFG are shown by group and gender (F, G). *p < 0.05; ***p < 0.001. men (t = 2.813, p = 0.006) and women (t = 3.983, p < 0.001), individuals with RGU showed greater FC between the DLPFC and SFG (Fig. 3G) .
Mandatory break condition and striatal connectivity
A significant interaction between gender and group with respect to FC between the striatum and identified brain regions including the thalamus and insula was observed ( Fig. 4A, B ; Table 2 ). A significant positive correlation was found between FC scores and self-reported craving (r = 0.268, p = 0.003) ( Fig. 4C; Fig. 4D ), with correlations significant for women at p < 0.05 and slightly above p < 0.05 (p = 0.067) for men. Among RGU subjects, men showed greater FC than women between the striatum and thalamus and insula (t = 3.879, p < 0.001); among IGD subjects, no gender-related differences were observed (t = 1.562, p = 0.125) (Fig. 4E ). Both among men (t = −2.067, p = 0.042) and women (t = −3.657, p < 0.001), individuals with IGD showed greater FC between the striatum and thalamus and insula (Fig. 4F) .
Discussion
The current study investigated brain FC changes in regions previously linked to craving as well as to executive control (DLPFC) and reward processing (ventral striatum) and how FC might differ in females and males. Significant gender-related differences were observed in connectivity patterns during specific conditions of gaming (while engaged in gaming and during immediate abstinence when a mandatory break was enforced), with implications of the findings described below.
Gaming and DLPFC functional connectivity
During gaming, a significant interaction involving gender and group was observed involving the FC between the DLPFC and the SFG. Further comparisons showed decreased FC in IGD as compared to RGU subjects. However, this relationship was only observed in males (Fig. 1E) . The correlations between FC and self-reported cravings suggest that lower FC was related to higher craving for gaming (Fig. 1D) . DLPFC function has been previously linked to executive control involved in selecting and successfully monitoring behaviors that facilitate the attainment of chosen goals (Everitt et al., 2007; Goldstein and Volkow, 2011; Sofuoglu et al., 2013) . IGD subjects have been previously found to exhibit diminished FC within frontal circuitry including the DLPFC, with weaker FC associated with poorer cognitive control (Dong et al., 2013c (Dong et al., , 2015 . The observed gender differences thus resonate with prior studies of male subjects with IGD and executive control. As this relationship was not observed in females, the findings suggest that different neural processes may underlie gaming behaviors in females as compared to males.
Gaming and striatal functional connectivity
During gaming, significant interactions were observed between the striatum and regions including the hippocampus and thalamus. Further comparisons showed that IGD as compared to RGU subjects show increased FC, and this feature were mainly observed in male and not female subjects (Fig. 2D) . The striatum, hippocampus and thalamus have been previously implicated in motivational drives including those related to rewarding behaviors including gaming (Dong et al., 2011a (Dong et al., , 2012 (Dong et al., , 2013a . The correlation in Fig. 2C suggests that higher craving is associated with stronger connectivity among these brain regions. These findings suggest that stronger FC among these regions in males with IGD may underlie desire for gaming. Such connectivity may promote playing for longer periods of time in males, although this possibility warrants direct examination. The extent to which these findings may relate to the apparent vulnerability for males to develop IGD also warrants additional study.
Mandatory break condition and DLPFC functional connectivity
During immediate abstinence in the setting of a forced mandatory break, significant interactions were observed involving FC between the DLPFC and SFG. Further analysis showed that the FC was decreased in both males and females with IGD as compared to those with RGU, with males with RGU demonstrating significantly weaker FC than females with RGU. The difference in FC between individuals with RGU and those with IGD was greater in females as compared with males. As lower FC was associated with higher craving, the results suggest that this connectivity pattern may relate to motivational drives to engage persistently in gaming. These findings raise the possibility that diminished cortical patterns of connectivity that may reflect top-down control may relate to persistence in gaming, particularly as the DLPFC has been shown to exert top-down regulation of regions involved in craving in substance-use disorders (Kober et al., 2010) .
During the mandatory break condition, female RGU subjects showed greater DLPFC-SFG connectivity relative to male RGU subjects. As discussed above and elsewhere (Everitt et al., 2007; Goldstein and Volkow, 2011; Sofuoglu et al., 2013) , the results suggest that female RGU subjects may show better executive inhibition ability than male ones, which may relate to their ability to control their gaming behaviors. However, when demonstrating addictive patterns of gaming, the FC between DLPFC and SFG was decreased significantly in both gender groups and particularly among females. These findings suggest a possible neural mechanism for increased vulnerability for males as compared to females for developing IGD.
The findings also raise the possibility that forced immediate abstinence, at least as operationalized as a compelled mandatory break, may be particularly challenging for males as compared to females with IGD given the weaker FC between the DLPFC and SFG and the FC's relationship to subjective craving. The extent to which the FC findings may relate directly to impaired executive control and persistence in gaming warrants additional study.
Mandatory break condition and striatal functional connectivity
A significant interaction was observed with respect to FC between the striatum and thalamus and insula. Further analysis showed that although both male and female subjects' FC values are numerically greater in IGD versus RGU subjects, the FC differences were particularly robust in female subjects. As FC between these regions was positively associated with craving for gaming (Fig. 4C) , the findings suggest a neural foundation for a reward motivation mechanism that underlying a desire to continue gaming in the setting of immediate forced abstinence as operationalized as a compelled mandatory break. Connectivity between the striatum and thalamus has been proposed to be important for multiple forms of addiction as well as important circuitry (e.g., the salience network) involved in motivated behaviors broadly (Chambers et al., 2003; Peters et al., 2016; Zhang et al., 2016b) . Connectivity between the striatum and dorsal insula has been found to be reduced in people with as compared to without cocaine-use disorder, with FC strength inversely related to impulsivity (McHugh et al., 2013 ).
These findings suggest that similar yet distinct mechanisms might underlie cocaine-use disorder and IGD, although methodological differences across studies warrant consideration. Given that changes in anterior insula connectivity in response to gaming have been linked to treatment for IGD (Zhang et al., 2016a) , the observed findings may be relevant to behavioral changes in IGD. The extent to which the observed FC findings may also relate to persistence of gaming in naturalistic settings warrants additional research. The current study indicates that brain regions implicated in . The correlations between self-reported craving for gaming and the FC between the striatum and the thalamus, and other brain regions are shown for the entire sample (C) and by gender (D). Post-hoc results relating to the FC between the striatum and thalamus and other brain regions are shown by group and gender (E, F). *p < 0.05; **p < 0.01; ***p < 0.001.
executive control, reward processing and craving show different patterns of connectivity in individuals with RGU and IGD, with FC also demonstrating gender-related differences. The findings may be interpreted within the context of existing theoretical models, such as the I-PACE framework (Brand et al., 2016) . The I-PACE model proposes that the development and maintenance of specific problematic Internet-use behaviors relate to affective and cognitive attributes and responses to situational triggers in combination comprised executive functioning relating to impaired control (Brand et al., 2016) . The I-PACE model extended prior models including one we had forwarded that proposed that an interaction between executive control and reward seeking may contribute importantly to the development and maintenance of IGD (Dong and Potenza, 2014) . The current findings fit well into these models and further suggest an important role for gender-related considerations in these frameworks.
Limitations
Several limitations exist. First, behavioral performance during gaming was not collected; thus, we cannot relate the neural findings to gaming performance. Second, the ROIs selected were limited in number. While the ROIs were selected based on prior findings and potential roles for these regions in craving, executive control and reward processing, different ROIs or approaches might generate different results. In particular, other brain regions such as the amygdala, orbitofrontal cortex, and anterior cingulate cortex have been implicated in craving, reward processing and executive control, and these regions and related networks warrant consideration in future studies.
Conclusions
The examination of gender-related differences in addictive behaviors including Internet gaming is important. Rewarding or pleasurable experiences may enhance desire to play online for individuals with IGD (Dong et al., 2017a (Dong et al., , 2017b . Meanwhile, impairments in executive control may lead to poor control over such desires, which may permit urges, desires or cravings to dominate and lead to excessive Internet use in IGD (Dong and Potenza, 2014; Dong et al., 2011b ). The present findings represent an important step in understanding the neural underpinnings of IGD during gaming and immediate forced Brain regions showing significant FC interactions between gender and group were observed in the thalamus, insula and other brain regions, shown in slice view (A) and glass view (B). The correlations between self-reported craving for gaming and the FC between the striatum and identified brain regions including the thalamus and insula are shown for the entire sample (C) and by gender (D). Post-hoc results relating to the FC between the striatum and the identified brain regions including the thalamus and insula are shown by group and gender (E, F). *p < 0.05; ***p < 0.001. abstinence as operationalized as a mandatory break. The findings suggest that males and females with IGD differ with respect to cravingrelated FC, with the gaming condition possibly more relevant for males and the immediate abstinence/mandatory break condition more relevant for females in distinguishing IGD from RGU. The extent to which these patterns may relate to vulnerability to develop IGD or persistence of IGD should be investigated further.
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